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Chapter 5 
Influence of the Position of the 
Stereogenic Center on the Rotational 






The stereogenic center next to the central double bond, used to control the unidirectionality 
of the rotary process in the second generation molecular motors, was moved one carbon 
atom away from this central double bond compared to the original systems. The synthesis 
of these molecules was performed using the diazo-thioketone coupling as the key step and 
in this way three new molecular motors were prepared. It is shown that for these molecules 
unidirectionality of rotation can be controlled by the stereogenic center in the upper half of 
the molecule. However, the process is less efficient compared to that in the so-called 
second-generation molecular motors. This is due to the small energy barriers between the 
more stable and the less stable isomers of the molecule, which are of the same order of 
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5.1   Introduction 
In the previous chapters, emphasis has been put on the increase of the speed of rotation of 
the molecular motors. In order to make a molecular motor rotate faster, the thermal helix 
inversion steps should proceed as fast as possible and hence the energy barrier should be as 
low as possible without affecting the unidirectionality of the rotary process. A key element 
for the lowering of this barrier lies in the so-called “fjord-region” of the molecule. Changes 
associated with the delicate balance between both steric and conformational effects in this 
region have proven to be of great importance for the control of the magnitude of the 
thermal isomerization barriers. The influence of structural variations on the behavior of the 
second-generation molecular motors, 5.1 and 5.2, has been investigated most extensively 
(figure 5.1).1,2 It was found that by altering the size of the (hetero-)atoms X and Y in the 
upper and lower halves of the molecule the height of the barrier for thermal helix inversion 
can be manipulated to a considerable extent. The lowering of the thermal barrier by the 
introduction of smaller atoms X and Y is attributed to the decrease in the steric hindrance 
around the central double bond.3 In contrast, decreasing the steric hindrance by changing 
the upper half from a tetrahydrophenanthrene to a tetrahydronaphthalene resulted in a large 
increase of the barrier.4 Lowering of the thermal barriers by using five-membered rings 
instead of six-membered rings has been more successful as is described in the two previous 
chapters. In the following paragraphs, the synthesis and dynamic behavior of members of a 
new type of molecular motor, 5.3 and 5.4, as well as the synthesis of 5.5, are described. In 
these compounds the methyl substituent responsible for the unidirectionality of the rotary 
movement is shifted one carbon atom away from the α-position to the β-position relative to 







5.1: R1 = R2 = H, X=Y=S
5.2a: R1 = H, R2 = OMe, X=Y=S
5.2b: R1 = OMe, R2 = H, X=Y=S
5.3: R1 = R2 = R3 = H, X = S
5.4a: R1 = R3 = H, R2 = OMe, X = S
5.4b: R1 = OMe, R2 = R3 = H, X = S




Figure 5.1 The second-generation molecular motors (5.1 and 5.2) and the newly designed 
molecular motors (5.3, 5.4 and 5.5). 
The main objective of this research, as outlined above, is to lower the steric hindrance for 
the thermal isomerization process and to create a faster molecular motor by moving the 
methyl substituent one position away from the central double bond. Equally important, 
however, is the question if this system is still able to function as a molecular motor that can 
perform a unidirectional rotation governed by the orientation of the methyl substituent at 
the stereogenic center. Hence, with the newly designed molecular motor the research 
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5.2   Synthesis 
From a synthetic point of view, the most easily accessible new molecular motors contain in 
the upper half a sulfur atom (X=S) as shown in figure 5.1. The efforts were therefore 
focussed on the synthesis of motors 5.3 and 5.4. The route towards these molecules is 
similar to that of the second-generation molecular motors (see chapter 1) and follows the 
same convergent synthesis route. The most important and crucial step in this sequence is 
the Barton-Kellogg reaction in which the sterically hindered central double bond is formed 



























5.12: R = H, 51%
5.13: R= OMe, 53%
5.3: R = H, 56%
5.4: R= OMe, 52%
5.10: R = H








Scheme 5.1 Synthesis of molecular motors 5.3 and 5.4. 
The first step is a Michael addition in which 2-thionaphthol 5.6 is allowed to react with 
crotononitrile to give 3-(2-naphthylsulfanyl)butanenitrile 5.7 in excellent, 91%, yield. 
Subsequent ring closure by a Friedel-Crafts reaction in PPA gave 5.8, which was converted 
to the hydrazone 5.9 by refluxing in ethanol in presence of hydrazine monohydrate. The 
synthesis of the thioketones 5.105 and 5.116 has been described previously in the literature. 
The upper half hydrazone and lower half thioketone were then coupled using the Barton-
Kellogg methodology. Oxidation of hydrazone 5.9 with Ag2O in presence of MgSO4 and 
KOH, gave the diazo compound that was allowed to react in situ with either thioketone 
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nitrogen and formed the three-membered episulfides 5.12 and 5.13 in moderate yields. 
Extrusion of the remaining sulfur atom was performed by refluxing overnight in p-xylene 
in presence of triphenylphosphine. It must be noted, that the use of copper powder was not 
successful under these conditions. Finally, the alkenes 5.3 and 5.4 were obtained as a 





































a) PCl5, toluene, RT









Scheme 5.2 Synthesis of the molecular motor 5.5 with an all carbon upper half. 
The synthetic scheme leading to molecular motor 5.5 is considerably longer than was the 
case for 5.3 and 5.4 (scheme 5.2), but most reactions used are regarded as standard 
synthetic methodology. As has been explained in chapter 2, ester 5.14 can be prepared from 
β-methylnaphthalene in three steps. Formation of the enolate of ester 5.14 by reaction with 
LDA at low temperature and subsequent reaction with diphenyldisulfide gave the thioether 
5.15. This sulfide was easily oxidized using m-CPBA in CH2Cl2 at 0°C to the sulfoxide 
5.16. Yields however, were only moderate due to overoxidation of the sulfoxide 5.16 to the 
sulfone and the presence of residual starting material. Elimination of the sulfone did not 
give satisfactory results and led to a complex reaction mixture. The sulfoxide eliminated 
readily by heating at reflux in toluene giving the α,β-unsaturated ester 5.17 in 82% yield. 
Following a procedure by Lipshutz,7 a 1,4-addition using MeLi and CuBr·SMe2 in ether 
onto the α,β-unsaturated ester 5.17 was performed to give ester 5.18 in 70% yield. This 
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Crafts procedure by conversion to the acid chloride with PCl5 followed by acylation using 
SnCl4 to form ketone 5.20 in good yield. In order to form the hydrazone 5.21, the ketone 
5.20 was refluxed in ethanol in presence of hydrazine monohydrate. This hydrazone was 
then oxidized to the diazo compound, as described above, using a mixture of Ag2O, KOH 
and MgSO4, followed by a 1,3-dipolar cycloaddition to provide episulfide 5.22 in low yield. 
Finally, the episulfide was converted to the alkene 5.5 by reaction with triphenylphosphine 
in refluxing p-xylene. At room temperature alkene 5.5 was obtained as a 3:1 mixture of a 
stable 5.5 and an unstable 5.5’ isomer (scheme 5.3). The presence of an unstable isomer of 
5.5’ indicates that the energy difference between the two forms is relatively low. For a 
unidirectional rotation to occur, the difference in energy should be sufficiently large, so that 
the equilibrium will be shifted completely to the side of the stable 5.5 isomer. The small 









∆G = 0.1 kJ mol-1
energetically stable
(pseudo-)equatorial methyl  
Scheme 5.3 Calculated energy difference of the two isomers of 5.5. 
Regarding the results obtained for the molecular motor 5.3 and 5.4 (vide infra) no further 
experiments were performed with 5.5. Compared to both molecular motors 5.3 and 5.4, the 
synthesis of the molecular motor 5.5, with a CH2 group in the X-position, is significantly 
more difficult. This is due to the large number (fourteen) steps to be performed starting 
from β-methylnaphthalene, as well as a number of reactions which require careful 
manipulation such as the cuprate addition and the Barton-Kellogg reaction. 
5.3   Structural Analysis and Separation of Stereoisomers 
For motor molecule 5.3, four stereoisomers are possible and all four were obtained after 
synthesis. These stereoisomers are inherent to the molecular structure containing two chiral 
entities: the stereocenter at C3’ and the intrinsic helical chirality. All coupling reactions 
were performed using racemic hydrazone 5.8 and after reaction, the alkene 5.3 was 
obtained as a mixture of two stereoisomers in an approximate ratio of 10:1 in their racemic 
forms. The difference between these two stereoisomers is the conformation of the methyl 
substituent. The methyl substituent can be oriented in either the less stable (pseudo-)axial or 
the more stable (pseudo-)equatorial conformation, as was evident from X-ray analysis and 
calculations (vide infra). This results in a total of four stereoisomers, (3'S)-(P)-, (3'S)-(M)-, 
(3'R)-(P)-, and (3'R)-(M), depicted in figure 5.2. As a consequence of the helical 
conformation of the molecule, the (3'S)-(P)- and (3'R)-(M)-isomers, which form a pair of 
enantiomers, have the methylsubstituent in the energetically more favored (pseudo-) 
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(M)- and (3'R)-(P)-isomers, have the methyl substituent in the disfavored (pseudo-)axial 
conformation (denoted as 5.3’). Of the four stereoisomers, only two could be obtained pure 
by preparative chiral HPLC. Employing a Daicel Chiralcel OD column as the stationary 
phase and a mixture of heptane : i-propanol 99:1 as the eluent, the first eluted fraction 
contained both stereoisomers with (M)-helicity, (3'R)-(M)-5.3 and (3'S)-(M)-5.3', the 
second fraction consisted of enantiomerically pure (3'S)-(P)-5.3 and the third fraction 
consisted of enantiomerically pure (3'R)-(P)-5.3'. The absolute configuration of the 
fractions obtained by HPLC was assigned by comparison of the CD spectra with those of 


















(R1, R2 = H)
(R1 = H, R2 = OMe)






(R1 = OMe; R2 = H)




(R1, R2 = H)
(R1 = H, R2 = OMe)









(R1 = OMe; R2 = H)
(R1 = H; R2 = OMe)
 
Figure 5.2 Possible stereoisomers of 5.3 and 5.4. 
Following the same reasoning as for 5.3, molecule 5.4 has eight stereoisomers and all are 
obtained from the synthesis. Here, apart from the stereocenter and the intrinsic helical 
structure of the molecule, the methoxy substituent in the lower half of the molecule has to 
be taken into account giving rise to a trans-5.4a and cis-5.4b isomer. Hence, for the 
molecule there are four stable isomers, (3'S)-(P) and (3'R)-(M) (both cis- and trans-forms), 
which have a methyl substituent in a (pseudo-)equatorial position and four unstable 
isomers, (3'S)-(M)- and (3'R)-(P), with the substituent in the unfavorable (pseudo-)axial 
conformation (again for both cis- and trans-isomers). The trans-5.4a and cis-5.4b isomers 
can be distinguished by 1H NMR by the characteristic absorptions of the methoxy 
substituent. For the trans-5.4a this absorption is found at δ 3.87 ppm, whereas the signal for 
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anisotropy of the naphthalene moiety in the upper half. For both the cis and trans isomers, a 
mixture of four diastereoisomers was obtained consisting of a major (5.4a/5.4b) and a 
minor pair (5.4'a/5.4'b) of enantiomers with pseudo-equatorial and pseudo-axial methyl 
substituents, respectively, in a 10:1 ratio. Cis- and trans-isomers could be separated by 
preferred crystallization and for both cis- and trans-5.4, two of the four diastereoisomers 
could be obtained enantiomerically pure by chiral HPLC. Using a Daicel Chiralcel OD 
column as the stationary phase and a mixture of heptane : i-propanol 99:1 as the eluent, for 
trans-5.4 the first eluted fraction consisted of the both (M)-enantiomers: (3'R)-(M)-trans-
5.4a and (3'S)-(M)-trans-5.4'a in an approximately 10:1 ratio. The second fraction 
consisted of pure (3'S)-(P)-trans-5.4a and the third fraction consisted of pure (3'R)-(P)-
trans-5.4'a. Using the same conditions for cis-5.4 the elution pattern was similar: the first 
eluted fraction consisted of (3'R)-(M)-cis-5.4b and (3'S)-(M)-cis-5.4'b, again in a 10:1 ratio. 
The second fraction consisted of pure (3'S)-(P)-cis-5.4b and the third fraction consisted of 
pure (3’R)-(P)-cis-5.4'b. 
5.4   X-Ray Analysis 
In the paragraph above, the (pseudo-)equatorial orientation of the methyl substituent was 
assumed to be energetically the most favorable. In order to confirm this hypothesis and to 
elucidate the structure of the energetically most stable isomer of 5.3, a single crystal of 
racemic 5.3 was subjected to X-ray analysis; see figure 5.3 and table 5.1 in the 
experimental section. The racemic crystal was found to be monoclinic: space group P21/n. 
The geometry of (3'S*)-(P*)-5.3 (the enantiomer depicted) in the solid state is characterized 
as follows: central double bond, C1'-C9 = 1.349 Å; bond angles around central double bond, 
C8a-C9-C9a = 113.0°, C8a-C9-C1' = 122.4°, C9a-C9-C1' = 124.5° (total angle around C9 is 
359.9°), C10'b-C1'-C2' = 111.0°, C10'b-C1'-C9 = 124.3°, C2'-C1'-C9 = 124.5° (total angle around 
C1' is 359.8°); the dihedral angle between the naphthalene plane of the upper part and the 
central double bond, C10'a-C10'b-C1'-C9 = 61.4°; dihedral angles between the thioxanthene 
arene moieties of the lower part and the central double bond, C1'-C9-C9a-C1 = -50.6°, C1’-C9-
C8a-C8 = 49.9°; dihedral angles at the central double bond, C10'b-C1'-C9-C8a = 3.7°, C2'-C1'-
C9-C9a = 8.3° (average value is 6.0º), C8a-C9-C1'-C2' = -172.5°, C9a-C9-C1'-C10'b = -175.5° 
(average value is -174.0º). The central olefinic bond is therefore slightly twisted, although 
each sp2 carbon of the central double bond remains planar. The lower thioxanthene part of 
the molecule adopts a folded structure to diminish the steric strain around the central double 
bond, the angle between the two planes is 49.7°, and, together with the pseudo-boat 
conformation of the thiopyran ring of the upper part, this folded structure is responsible for 
the helical shape of the entire molecule. Although the absolute configuration could not be 
determined from the X-ray analysis by Flack’s parameter, the relation between the 
configuration at the stereogenic center and the helicity of the molecule could be established. 
From the structure depicted in figure 5.3, it can be seen that the stable conformation with a 
stereogenic center with (3’S)-configuration adopts preferably a (P)-overall helix. The 
enantiomer with the (3'R) absolute configuration at the stereogenic center adopts preferably 
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Figure 5.3 Pluto drawing (c) of the most stable isomer of (3’S*)-(P*)-5.3 with the methyl 
substituent in a pseudo-equatorial conformation. On the left the adopted numbering scheme 
for this molecule (b) and the Newman projection (a) indicating the torsion angles 
(deviation from planarity) around the central double bond. 
These observations are in accordance with the outcome of the synthesis and the NMR and 
CD assignments of the different HPLC fractions. Assignment of the orientation of the 
methyl substituent at the 3’-position to equatorial or axial positions is less conclusive than 
for the 2’-position in case of the second generation molecular motors. This is due to the 
strong distortion of the upper half heterocyclic six-membered ring, caused by the presence 
of the adjacent aromatic moiety and the neighbouring sulfur atom. The orientation of the 3'-
methyl substituent relative to the protons at the 2'-position (where clear distinction can be 
made between axial and equatorial position) shows that the methyl in the energetically most 
favorable state adopts a pseudo-equatorial orientation. This observation is in contrast to all 
reported second-generation motors for which the methyl substituent adopts an energetically 
favorable axial position. In both cases, however, the methyl substituent has a preferred anti-
orientation with respect to the aromatic lower half. In contrast to the second-generation 
motors, there is a conformational preference for the methyl substituent to adopt a pseudo-
equatorial position in both 5.3 and 5.4. AM1 calculations using MOPAC939 confirm the 
observed preference for the methyl substituent to adopt this orientation. For the trans-
isomer of the methoxy substituted compound 5.4, an energy difference of 8.0 kJ·mol-1 
between 5.4a (pseudo-equatorial methyl group) and 5.4'a (pseudo-axial methyl group) was 
calculated. For the cis-isomer an energy difference of 8.1 kJ·mol-1 between 5.4b and 5.4'b 
was calculated. For the unsubstituted compound 5.3 an energy difference between 5.3 and 












Hoofdstuk 5 - voor pdf-versie2.doc 
Influence of the Position of the Stereogenic Center on the Rotational Behavior of Molecular Motors 
5.5   Photochemical and Thermal Behavior of the Methoxy Substituted 
Molecular Motor 
The new molecular motors 5.3 and 5.4 were anticipated to function as the second-





































Scheme 5.4 Anticipated rotary cycle of molecular motor 5.4 with the methyl substituent at 
the 3’-position of the upper half. 
The cycle starts with the (3'S)-(P)-trans-isomer 5.4a, which is stable and has the methyl-
substituent in a (pseudo-)equatorial conformation. Upon irradiation (step 1 in scheme 5.4), 
a photoinduced cis-trans isomerization occurs, resulting in a photostationary state (PSS) 
comprising a mixture of (3'S)-(P)-trans-5.4a and (3'S)-(M)-cis-5.4’b. The newly formed 
(3'S)-(M)-cis-5.4’b is presumed to be unstable as a consequence of its methyl substituent in 
the (pseudo-)axial orientation. Upon heating a thermal helix inversion will take place 
converting the unstable (3'S)-(M)-cis-5.4’b to the stable (3'S)-(P)-cis-5.4b (step 2 in scheme 
5.4). A second photochemical isomerization would generate the unstable (3'S)-(M)-trans-
5.4’a from the (3'S)-(P)-cis-5.4b (step 3). The full rotary cycle is then completed by the 
second thermal step which converts the unstable (3'S)-(M)-trans-5.4’a back to the stable 
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There are two key aspects to this rotary cycle: consumption of energy and directionality of 
rotary motion. An important feature of the photochemical steps is that they should convert 
the stable forms of the molecules to the unstable forms and thus provide the energy for the 
rotation of the system. The unidirectionality of the rotation of the motor systems depends 
on the unidirectional energetically downhill thermal helix inversion. For the original as well 
as the second-generation molecular motor systems, during this thermal helix inversion the 
conformation of the methyl substituent changes from (pseudo-)equatorial to (pseudo-)axial. 
For molecular motors with the substituent in the 2’-position, as is exemplified for 5.2 in 
scheme 5.5, this proces is irreversible due to the large energy difference between the two 
conformations. For the second generation motor 5.2, bearing a methoxy substituent, an 
energy difference between stable and unstable stereoisomers of 19.5 kJ·mol-1 was calculated 
for both the cis- and trans-isomers. The thermal helix inversion for these molecules is 
treated as a one way process, but formally it is an equilibrium between the stable and 
unstable forms. From the Boltzmann distribution it then follows that the equilibrium shifts 
completely to the side of the most stable form and that only 0.002% of the unstable form is 
present at room temperature. This is in agreement with the complete thermal conversion 





























∆G = 19.5 kJ mol-1
∆G = 8.0 kJ mol-1
 
Scheme 5.5 Thermal helix inversion of second-generation motor 5.2 compared to the new 
molecular motor trans-5.4a. 
For the newly designed system the energy difference between the two forms, the stable and 
unstable isomer, is less pronounced with a calculated energy difference of approximately 
8.0 kJ·mol-1, employing the same methods of calculation. The result of this low energy 
barrier is that even at room temperature a considerable amount of the unstable form will be 
present (approximately 3.5%). At higher temperature the amount of the unstable form will 
steadily increase, for example at 55ºC 5% of the molecules will be in this state. This 
implies that at the temperatures needed to accomplish the thermal helix inversion, also the 
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The photochemical and thermal behavior of compounds 5.3 and 5.4 was examined. The 
proposed four step intramolecular rotary cycle was initiated from three stable forms: (3'S)-
(P)-5.3, (3'S)-(P)-trans-5.4a and (3'S)-(P)-cis-5.4b. Using UV-Vis, CD and 1H NMR 
spectroscopy and chloroform (CHCl3 and CDCl3) as solvent the isomerization processes 
were followed. In order to demonstrate for these new molecular motors that they are able to 
perform a unidirectional rotation process with respect to the central double bond, trans-5.4a 
and cis-5.4b are the most suitable candidates. The methoxy substituent provides a handle 
which can be used to monitor the stage of the rotation sequence by 1H NMR spectroscopy. 
The experiments to demonstrate the rotational cycle were started with the enantiomerically 
pure (3'S)-(P)-trans-5.4a (UV-Vis and CD spectra depicted in figure 5.4). 



































Figure 5.4 UV-Vis (a) and CD (b) spectra of 5.4a and 5.4b ((3'S)-(P)-trans-5.4a: solid 
line; (3'S)-(M)-cis-5.4'b: thick solid line; (3'S)-(P)-cis-5.4b: dashed line; (3'S)-(M)-trans-
5.4'a: dotted line). 
A sample of (3'S)-(P)-trans-5.4a dissolved in chloroform was irradiated (λ ≥ 280 nm, T= 
20°C). In the CD spectrum a clear decrease in the major CD-band at 281 nm from 
∆ε= 136.45 to ∆ε= -22.66 and a change in sign were observed. However, a full inversion of 
the CD-band, expected upon formation of a pseudoenantiomeric form, did not occur. More 
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formation of the unstable cis-isomer-5.4'b was observed. The characteristic signal of the 
methoxy moiety shifted from δ 3.87 ppm for trans-5.4a to δ 3.04 ppm for the unstable cis-
isomer-5.4'b. This upfield-shift has been observed previously and is due to the shielding of 
the methoxy protons by the naphthalene moiety in the upper half in case of a cis-isomer. 
The doublet signal of the protons of the upper half methyl substitutuent was shifted from δ 
1.61 to 1.74 ppm indicating the conformational change from a pseudo-equatorial to a 
pseudo-axial orientation. In the aromatic region, three signals clearly belonging to (3'S)-
(M)-cis-5.4'b appeared: δ 5.86 (bs, 1H), 6.26 (dd, J= 8.8, 3.0 Hz, 1H) and 7.79 (d, J=7.3 
Hz) ppm (all other signals overlap). 1H NMR analysis after irradiation (λ≥ 280 nm, T= 
20°C) indicated a photostationary state consisting of 69.4% of the anticipated (3'S)-(M)-cis-
5.4'b and 30.6% of the initial (3'S)-(P)-trans-5.4a isomer. The photostationary ratio is 
partly governed by the ratio of extinction coefficients at the wavelength used in the 
irradiation experiments. Closer investigation of the UV-Vis absorption spectra of the two 
forms indicated that the maximum in the ratio of the extinction coefficients was found at 
365 nm. However, prolonged irradiation using an interference filter at this wavelength had 
no effect on the photoequilibrium. From the isomer ratio, together with the CD data for 
pure (3'S)-(P)-trans-5.4a and the photostationary mixture, the CD spectrum of pure (3'S)-
(M)-cis-5.4'b could be calculated (figure 5.4). From the CD spectra it is evident that (3'S)-
(P)-trans-5.4a and (3'S)-(M)-cis-5.4'b are pseudo-enantiomers. 




















Figure 5.5 Experimentally determined curves (gray) and fitted curves (black) for two 
separate thermal helix inversion steps followed by CD spectroscopy (though all thermal 
helix inversions simultaneously take place, only the major processes are depicted). 
To induce the second step in the rotation cycle, the sample was heated at 55ºC and the 
change in the CD band at 285 nm was monitored in time (figure 5.5). Detailed analysis of 
the sample after heating revealed that through thermal helix inversion indeed the (3'S)-(M)-
cis-5.4'b isomer had been converted to the stable (3'S)-(P)-cis-5.4b with a pseudo-
equatorial methyl substituent. However, only 94.0% (3'S)-(P)-cis-5.4b was observed at 
thermal equilibrium, whereas the remaining 6.0% was still the initial (3'S)-(M)-cis-5.4'b 
isomer. This indicates substantial stability of the (3'S)-(M)-cis-5.4'b isomer at elevated 
temperatures and therefore this thermal helix inversion is a reversible process as was 
already predicted beforehand. Simultaneously at 55ºC, the remaining (3'S)-(P)-trans-5.4a 
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(16.6%). Also in the case of the trans-isomer, the less stable (3'S)-(M)-trans-5.4'a isomer 
has sufficient stability to make the thermal helix inversion an equilibrium process under 
these conditions. Both thermal processes together resulted in a complicated mixture of all 
four isomers, but the major CD band again increased because of the preference for the (P)-
isomers of cis- and trans-5.4 in the thermal equilibrium state for the (3'S)-configuration 
around the stereogenic center. 
A separate sample of the stable (3'S)-(P)-cis-5.4b isomer was obtained by chiral preparative 
HPLC and the UV-Vis and CD spectra were recorded in chloroform (figure 5.4). Irradiation 
of this sample (λ≥ 280 nm, T= 20°C) yielded a photostationary state consisting of 48.9% of 
(3'S)-(P)-cis-5.4b and 51.1% of (3'S)-(M)-trans-5.4'a according to 1H NMR. By 1H NMR 
analysis the formation of the trans-isomer can be shown clearly because of the downfield 
shift of the characteristic methoxy absorption from δ 3.04 to 3.89 ppm. Furthermore, the 
doublet signal of the upper half methyl protons was shifted downfield from δ 1.60 to 1.77 
ppm, again indicating the conformational change from a (pseudo-)equatorial to a (pseudo-) 
axial orientation of the methyl substituent. In the aromatic region two signals appeared, 
which clearly can be assigned to (3'S)-(M)-trans-5.4'a: δ 6.68-6.73 (m, 1H) and 6.86 (dd, 
J=9.0, 3.0 Hz, 1H) (all other signals overlap).  
From the 1H NMR data and the CD spectrum at photoequilibrium, the CD spectrum of 
(3'S)-(M)-trans-5.4'a could be calculated (figure 5.4) and again the pseudoenantiomeric 
relation is clearly visible. Heating this sample to 55ºC again induced two thermal helix 
inversions, which are equilibria processes ((3'S)-(M)-cis-5.4'b ' (3'S)-(P)-cis-5.4b and 
(3'S)-(M)-trans-5.4'a ' (3'S)-(P)-trans-5.4 a). The thermal processes were again monitored 
by CD spectroscopy (figure 5.5).  
The determination of thermodynamic parameters for the case of compound 5.4 is 
complicated due to the fact that both thermal helix inversion steps are reversible. Because 
of this feature, the kinetic data obtained from the thermal helix inversion are the result of 
two thermal equilibria, i.e. two equilibrium constants with in total four reaction rates. The 
individual thermal equilibria are presented in scheme 5.6. For both equilibria the 
energetically downhill forward helix inversion rate was denoted k1 and the energetically 
uphill backward helix inversion was denoted k2. The two rates are related through the 
equilibrium constant (K = k1 / k2). Modeling of the processes gave a good fit with the 
observed curves from CD measurement for both samples studied (figure 5.5). The k-values 
obtained by these experiments for cis-5.4 are k1 = 1.42 × 10-5 s-1 and k2 = 9.08 × 10-7 s-1, the 
values obtained for trans-5.4 are k1 = 2.71 × 10-5 s-1 and k2 = 5.41 × 10-6 s-1, all at 55ºC. The 
respective Gibbs energy of activation for the four different pathways give an indication of 
the relative stability of the four isomers. At 55ºC, the cis-isomers (∆‡Gθ 55ºC (cis-5.4'b → cis-5.4b)= 
111.0 kJ·mol-1 and ∆‡Gθ55ºC (cis-5.4b → cis-5.4'b)= 118.5 kJ·mol-1) have a higher energy transition 
state compared to the trans-isomers (∆‡Gθ 55ºC (trans-5.4'a → trans-5.4a)= 109.3 kJ·mol-1 and ∆‡Gθ 
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ratio (55oC):    4.0% 96.0%
ratio (55oC):    16.6% 83.4%  
Scheme 5.6 Thermal helix inversion pathways for compound 5.4. 
Clearly, these data show that the stable and unstable forms of the molecule are in 
equilibrium with each other and thus that the thermal helix inversions will not be fully 
unidirectional processes at any temperature. Although this molecule is not as selective as, 
for example, in the case of 5.2, it can still be considered as a molecular motor. There is a 
clear preference for one direction of rotation over the other and the first thermal helix 
inversion step (step 2 in scheme 5.4) shows a substantial (94%) preference for the downhill 
(forward) process. Surprisingly, the barriers for all thermal helix inversions are 
considerably higher than anticipated. Much to our surprise, shifting the methyl substituent 
away from the “fjord region” results in a higher barrier and therefore slower rotation. 
Apparently, as has been the case for previous systems,4 the energy barriers are not only 
influenced by steric factors. Probably ground-state distortions play a role as well. 
In all the four discrete steps of the intramolecular rotation there is a preference for the 
direction that will lead to clockwise rotation of the upper rotor half of the molecule relative 
to the lower stator part of the molecule in molecules containing an asymmetric center with 
an (S) absolute configuration. For a molecular motor at work, however, one should have 
continuous rotation. Continuous rotation in this molecular system can be achieved by a 
continuous input of both photon energy (photoisomerization) and kinetic energy (thermal 
helix inversion) and all four discrete steps will take place under these conditions. It is a 
realistic assumption that the thermal helix inversions will be the rate determining steps 
under these conditions, although light intensity is also an important parameters for this 
rotary process. For the experiments described, in which a 180W Hg lamp with a λ ≥ 280 
nm Pyrex cut-off filter was used for photoirradiation and thermal helix inversion was 
investigated at a temperature of 55ºC, this assumption seems valid. Under continuous 
heating and irradiation, both for the clockwise and counterclockwise rotation, the thermal 
helix inversion of the cis-isomers will be rate determining (since the barrier for cis-helix 
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higher than the corresponding barriers for trans-helix inversion (109.3 and 113.7 kJ mol-1, 
respectively). The rate constant of the forward clockwise rotation then equals the rate 
constant for the rate determining (M)-cis-5.4'b to (P)-cis-5.4b helix inversion (1.41 × 10-5  
s-1) and the rate constant of the backwards counterclockwise rotation equals the rate 
constant for the reverse (P)-cis-5.4b to (M)-cis-5.4'b helix inversion (9.02 × 10-7 s-1). These 
values give the ratio of molecules rotating in either direction. It was calculated that 94% of 
all molecular motors will rotate in the anticipated clockwise direction and 6% will rotate in 
the opposite counterclockwise direction (which is by definition the same as the thermal 
ratio for cis helix inversion). 
5.6   Photochemical and Thermal Behavior of the Unsubstituted 
Molecular Motor 
For compound 5.3 analogous behavior was expected. The process is, however, simplified 


































Scheme 5.7 Anticipated rotary cycle for the unsubsituted molecular motor 5.3 with the 
methyl substitutent at the 3’-position of the upper half. 
Starting from stable (3'S)-(P)-5.3, irradiation will result in the formation of energetically 
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formed again (step 2). A second irradiation (step 3) and heating step (step 4) will complete 
the in total 360º rotation of the upper half of the molecule with respect to the lower half. 
For compound 5.3, all properties were similar to those of compound 5.4. Only the total 
isomerization scheme was substantially simplified by the fact that only two (3'S)-isomers 
constitute the full rotational process. CD and UV-Vis characteristics of the two isomers, 
energetically stable (3'S)-(P)-5.3 and energetically less stable (3'S)-(M)-5.3', are depicted in 
figure 5.6. These are experimental spectra from enantiomerically pure samples obtained 
after chiral separation (vide supra) of a photostationary mixture of both isomers. Irradiation 
of a sample of (3'S)-(P)-5.3 in chloroform (λ ≥ 280 nm, T= 20°C) resulted in a 
photostationary state consisting of 53.5% (3'S)-(M)-5.3' and 46.5% (3'S)-(P)-5.3 (as 
determined with 1H NMR and CD spectroscopy). The isomer ratio is comparable to that of 
methoxy substituted motor 5.4. Similar to the results obtained with compound 5.4, 1H NMR 
analysis showed a downfield shift of the doublet of the upper half methyl protons from 
δ 1.55 to 1.77 ppm indicating a pseudo-axial to pseudo-equatorial conformational change 
(all aromatic signals strongly overlap). The CD spectrum of (3'S)-(M)-5.3' clearly indicates 
the reversed helicity. Heating this sample at 55ºC resulted in a thermal equilibrium 
consisting of still 23.0% of (3'S)-(M)-5.3' and 77.0% of (3'S)-(P)-5.3. A mixture of (3'S)-
(M)-5.3' and (3'S)-(P)-5.3 with a similar ratio was obtained starting from either a solution 
of pure (3'S)-(P)-5.3 or (3'S)-(M)-5.3'. Again after thermal helix inversion a substantial 
amount of the energetically unfavorable isomer is present.  
 
Figure 5.6 UV-Vis and CD spectra of (3'S)-(P)-5.3 (solid line) and (3'S)-(M)-5.3' in 
chloroform (dotted line). 
By CD spectroscopy, the rate constants of the forward (5.3→5.3') helix inversion was 4.55 
× 10-5 s-1 and the rate constant for the reverse pathway was 1.95 × 10-5 s-1 at 55°C. Both 
values are of the same order of magnitude as found for the substituted compound 5.4. The 
Gibbs energy of activation (∆‡Gθ at 55°C) are 107.9 kJ mol-1 for the energetically downhill 
(3'S)-(M)-5.3' to (3'S)-(P)-5.3 helix inversion and 110.2 kJ mol-1 for the energetically uphill 
(3'S)-(P)-5.3 to (3'S)-(M)-5.3' helix inversion. A similar calculation as for 5.4 (vide supra) 
shows that for this compound with P-helicity ((3’S)-(P)-5.3), under conditions of 
continuous irradiation and heating at 55ºC (again under the assumption that the thermal 
helix inversions are the rate determining steps), 77% of the molecules will rotate in a 
clockwise fashion and 23% of the molecules will rotate in a counterclockwise fashion. 
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5.7   Conclusion 
The objective of the research presented in this chapter was to explore the limits in the 
design of the molecular motors. The methyl substituent in the rotor part of the molecule, 
responsible for the unidirectional behavior in previously constructed molecular motors, was 
moved one position away from the sterically overcrowded “fjord region”. An anticipated 
advantage of these new systems was that shifting of the methyl substituent would result in 
lowering of the barriers for thermal helix inversion without affecting severely the ground 
state energy of the system (a problem encountered for previous molecular motors). For the 
newly designed systems, it was shown that the methyl substituent was still able to guide the 
directionality of the rotation, although the motion is not fully unidirectional. In contrast to 
previous systems, in the energetically more stable conformation the methyl substituent 
adopts a (pseudo-)equatorial orientation. However, the methyl substituent is in an anti-
orientation with respect to the lower half of the molecule, which is comparable to the 
second generation molecular motors. It is shown that the barriers for thermal helix 
inversion, which determine the speed of rotation, are not only governed by steric factors. 
Increasing the size of the substituent next to the stereogenic center from a methyl to more 
bulky substituent, e.g. i-propyl, t-butyl or phenyl, might lead to an increase of the energy 
difference between the stable and unstable isomers of the molecule. This difference in 
energy should be as high as possible in order to shift during the thermal helix inversion the 
equilibrium completely to the side of the most stable isomer of the molecule. AM1 
calculations indicate that the energy differences for i-propyl, t-butyl or phenyl substituted 
compounds between the pseudo-axial or pseudo-equatorial conformation are 11.5, 24.3 and 
11.8 kJ·mol-1, respectively.9 These differences are significantly higher, especially for the t-
butyl, than for the methyl substituent and might allow full reversal to the stable form. 
Another aspect is that the photoequilibria of the new motor molecules are not very 
selective. Introduction of other substituents, especially a phenyl group, might be able to 
alter the photochemical behavior and allow more selective photochemical switching to the 
unstable forms. Eventually, this could result in a third-generation of unidirectional rotating 
molecular motors. 
For the (3'S)-isomers of both the methoxy substituted compounds 5.4 and the unsubstituted 
variant 5.3, there is a preferential clockwise rotation of the molecule under the influence of 
light and heating. This preferential direction of rotation still sets this system apart from 
Brownian random motion and therefore this system can be used to perform work of some 
kind.  
However, the expected decrease in energy of the thermal barrier proved to be negligible 
compared to the thermal barrier of the second-generation molecular motors such as 5.1. A 
comparison of the energy barriers determined at 55ºC (ranging from ∆‡Gθ (5.3' → 5.3)= 106.9 
kJ mol-1 to ∆‡Gθ (cis-5.4b → cis-5.4'b)= 118.6 kJ mol-1), for 5.3 and cis-5.4 respectively, with the 
values for the corresponding molecular motors with the methyl substituent at the 2'-position 
(5.1 and 5.2) at the same temperature (∆‡Gθ (stable→unstable)= 106.2 kJ mol-1 for 5.1), 
immediately shows that the effect of shifting the methyl substituent on the energy barrier is 
minimal. The slight increase that is observed in the new system might be attributed to small 
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present system illustrates nicely that if a methyl substituent is to be used to control the 
selectivity of the unidirectional rotation, it must be necessarily placed at the 2’-position of 
the upper half of the molecule. 
From the isomerization data of the new molecules described here it can be seen that by 
shifting the methyl substituents one position away from the “fjord region” of the molecular 
motors the limits in the design of the particular motor are being approached. Whereas the 
original and second-generation molecular motors show full unidirectional rotation, the 
present system suffers from the high barrier for thermal helix conversion and the relatively 
small energetic difference between both conformations that the methyl substituent can 
adopt. Overall, these systems still exhibit a net unidirectional rotary motion. As a 
consequence, the forward rotation is accompanied by a backward rotary motion although at 
a substantial lower degree. 
5.8   Experimental Section 
General Remarks 
For general remarks concerning all experimental details see the experimental section of chapter 2. 
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A solution of episulfides 5.12 (240 mg, 0.55 mmol) and triphenylphosphine 
(150 mg, 0.57 mmol) in p-xylene (25 ml) was heated at reflux overnight. 
After evaporation of the solvent the product was purified by column 
chromatography (SiO2, hexane: ethyl acetate=10:1, Rf=0.30), followed by 
recrystallization from ethanol yielding the olefin as white needles as a 
racemic mixture of stable and unstable isomers 5.3 and 5.3' in an approximate 
ratio of 10:1 (125 mg, 0.31 mmol, 56%). Resolution was performed by chiral 
HPLC using a Daicel Chiralcel OD column as the stationary phase and a 
mixture of heptane : i-propanol 99:1 as the eluent at a rate of 1 ml min-1. The first eluted fraction (t = 
5.57 min) contained both (3’R)-(M)-5.3 and (3'S)-(M)-5.3' in a ratio of 10:1. The second fraction (t = 
6.74 min) contained enantiomerically pure (3'S)-(P)-5.3 and the third fraction (t = 7.87 min) contained 
enantiomerically pure (3’R)-(P)-5.3'. 5.3: 1H NMR (300 MHz, CDCl3) δ 1.58-1.61 (d, J= 6.6 Hz, 
3H), 2.04-2.12 (dd, J= 12.5, 12.1 Hz, 1H), 3.55-3.61 (dd, J= 12.5, 6.0 Hz, 1H), 4.13-4.17 (m, 1H), 
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(50 MHz, CDCl3) δ 23.3 (q), 37.4 (t), 40.8 (d), 123.2 (d), 123.3 (d), 124.4 (d), 124.5 (d), 124.7 (d), 
125.1 (d), 125.3 (2xd), 125.8 (d), 126.1 (d), 126.4 (d), 126.5 (d), 126.8 (d), 127.5 (s), 128.4 (d), 130.1 
(s), 131.9 (s), 132.3 (s), 132.7 (s), 132.9 (s), 133.7 (s), 134.6 (s), 134.8 (s), 137.0 (s); m/z (EI, %) = 
408 (M+, 100); HRMS (EI): calcd. for C27H20S2: 408.1006, found: 408.1001; UV-Vis: (3’S)-(M)-5.3’ 
(CHCl3) λmax(ε) 261 (27100), 319 (7200), 382 (1000); (3’S)-(P)-5.3 (CHCl3) λmax(ε) 241 (32800), 260 
(27700), 329 (7300), 360 (3700); CD: (3’S)-(M)-5.3’ (CHCl3): λmax(∆ε) 255 (+12.7), 279 (–103.7), 




thioxanthene (5.4)  
A solution of the episulfides 5.13 (310 mg, 0.66 mmol) and PPh3 (0.26 
g, 1.0 mmol) was refluxed overnight in p-xylene (30 ml). After 
evaporation of the solvent, the product was purified by column 
chromatography (SiO2, toluene:heptane=10:1, Rf=0.39) followed by 
repeated recrystallizations from ethanol yielding cis-5.4 as slightly 
yellow crystalline mixture of stable and unstable diastereoisomers cis-
5.4’b and cis-5.4b (70 mg, 0.16 mmol). Trans-5.4 still contaminated 
with cis-5.4 was obtained after evaporation of the mother-liquor from 
the recrystallization of cis-5.4 and subsequently obtained pure after repeated recrystallizations from 
ethanol. Trans-5.4 was also obtained as a mixture of stable and unstable diastereoisomers trans-5.4a 
and trans-5.4’a as white crystals (80 mg, 0.18 mmol), both in an approximate 10:1 ratio of stable : 
unstable isomers. The combined yield was 52%. Resolution was performed by chiral HPLC using 
Daicel Chiralcel OD column as the stationary phase and a mixture of heptane:i-propanol 99:1 as the 
eluent at a rate of 1 ml min-1. For trans-5.4, the first eluted fraction (t= 6.53 min) contained both 
(3’R)-(M)-trans-5.4a and (3'S)-(M)-trans-5.4'a in a ratio of 10:1. The second fraction (t= 8.49 min) 
contained enantiomerically pure (3'S)-(P)-trans-5.4a and the third fraction (t= 9.62 min) 
enantiomerically pure (3’R)-(P)-trans-5.4'a. For cis-5.4, the first eluted fraction (t= 6.32 min) 
contained both (3’R)-(M)-cis-5.4b and (3'S)-(M)-cis-5.4'b in a ratio of 10:1. The second fraction (t= 
8.06 min) was enantiomerically pure (3'S)-(P)-cis-5.4b and the third fraction (t = 9.03 min) was 
enantiomerically pure (3’R)-(P)-cis-5.4'b; m/z (EI, %) = 438 (M+, 100). HMRS (EI): calcd. for 
C28H22OS2 : 438.1112, found: 438.1107; trans-5.4a: 1H NMR (300 MHz, CDCl3) δ 1.60-1.62 (d, J= 
6.5 Hz, 3H), 2.07-2.15 (dd, J= 12.5, 12.5 Hz, 1H), 3.64-3.70 (dd, J= 12.5, 6.2 Hz, 1H), 3.87 (s, 3H), 
4.14-4.18 (m, 1H), 6.42-6.54 (m, 2H), 6.74-6.79 (m, 1H), 6.85-6.89 (m, 1H), 6.99-7.13 (m, 3H), 7.29-
7.34 (m, 2H), 7.50-7.60 (m, 4H); 13C NMR (50 MHz, CDCl3) δ 24.3 (q), 38.5 (t), 41.8 (d), 55.5 (q), 
112.7 (d), 113.1 (d), 124.3 (d), 124.4 (d), 125.3 (d), 125.5 (d), 125.7 (d), 126.3 (d), 126.4 (d), 126.8 
(s), 127.5 (d), 127.8 (d), 128.3 (d), 128.5 (s), 129.4 (d), 131.2 (s), 132.9 (s), 133.5 (s), 133.5 (s), 134.6 
(s), 134.7 (s), 137.3 (s), 138.0 (s), 158.3 (s); cis-5.4b: 1H NMR (300 MHz, CDCl3) δ 1.59-1.61 (d, J= 
6.6 Hz, 3H), 2.06-2.10 (dd, J= 12.8, 11.7 Hz, 1H), 3.04 (s, 3H), 3.50-3.56 (dd, J= 12.8, 6.2 Hz, 1H), 
4.08-4.12 (m, 1H), 5.98-5.99 (d, J= 2.9 Hz, 1H), 6.34-6.38 (dd, J= 8.6, 2.7 Hz, 1H), 6.99-7.04 (m, 
1H), 7.10-7.63 (m, 10H); 13C NMR (75 MHz, CDCl3) δ 24.4 (q), 38.4 (t), 41.9 (d), 54.9 (q), 113.5 (d) 
114.7 (d), 124.36 (d), 124.44 (d), 125.2 (s), 125.5 (d), 125.85 (d), 126.95 (d), 126.8 (d), 127.1 (2xd), 
127.45 (d), 127.54 (d), 127.7 (d), 128.7 (s), 131.3 (s), 132.9 (s), 133.5 (s), 133.9 (s), 134.6 (s), 135.6 
(s), 136.2 (s), 139.1 (s), 157.7 (s); UV-Vis: (3’S)-(M)-trans-5.4’a: (CHCl3) λmax(ε) 263 (25800), 324 
(7300), 341 (6600); (3’S)-(P)-trans-5.4a (CHCl3) λmax(ε) 260 (32500), 334 (7600), 358 (6400); (3’S)-
(M)-cis-5.4’b: 272 (26400), 320 (7800), 345 (6100); (3’S)-(P)-cis-5.4b (CHCl3) λmax(ε) 250 (29400), 
29 (27000), 327 (6900), 353 (5800); CD: (3’S)-(M)-trans-5.4’a (CHCl3) λmax(∆ε) 256 (+14.2), 281 (–















  Hoofdstuk 5 - voor pdf-versie2.doc 
Basic Molecular Devices 
 
323 (–14.6), 356 (–20.9); (3’S)-(M)-cis-5.4’b (CHCl3) λmax(∆ε) 255 (+29.9), 279 (–110.2), 316 
(+10.7), 348 (+14.2); (3’S)-(P)-cis-5.4b (CHCl3) λmax(∆ε) 254 (–66.3), 280 (+115.7), 359 (–16.8). 
 
9-(2’,3’-Dihydro-2’,7’-dimethyl-4’(1’H)-phenanthrenylidene)-9H-thioxanthene (5.5) 
A solution of the episulfides 5.22 (55 mg, 0.127 mmol) was refluxed 
overnight in p-xylene in presence of triphenylphosphine (35 mg, 134 µmol). 
The alkene was purified by column chromatography (SiO2, heptane: ethyl 
acetate= 10:1, Rf= 0.74) and recrystallization from ethanol and was obtained 
as a mixture of two stereoisomers as a white solid (32 mg, 79 µmol, 62%); 
1H NMR (400 MHz, CDCl3) δ 1.12-1.14 (d, J= 6.6 Hz, 3H, major), 1.47-
1.49 (d, J= 6.6 Hz, 3H, minor), 1.61-1.67 (dd, J= 12.6, 9.4 Hz, 1H, major), 
2.32 (s, 3H, major), 2.32 (s, 3H, minor), 2.69-2.77 (m, 2H, major), 2.69-
2.77 (m, 3H, minor), 2.94-2.99 (dd, 13.9, 5.5 Hz, 1H, minor), 3.10-3.15 (dd, J= 13.9, 3.3 Hz, 1H, 
minor), 3.38-3.44 (m, 2H, major), 6.34-6.46 (m, 2H, major), 6.74-6.85 (m, 2H, major), 7.24-7.62 (m, 
9H, major), 7.76-7.78 (dd, J= 7.7, 1.1 Hz, 1H, minor), the remaining protons of the unstable isomer 
could not be assigned with certainty; m/z (EI, %) = 404 (M+, 100); HRMS(EI): calcd. for C29H24S: 
404.1599, found: 404.1606. 
 
3-Methyl-3-(naphthalen-2-ylsulfanyl)-propionitrile (5.7) 
A mixture of 2-naphthalenethiol 5.6 (3.2 g, 20 mmol), crotononitrile 
(1.34 g, 20 mmol) and piperidine (5 drops) was stirred for 45 min at 
room temperature. Triton B (40% solution in MeOH, 5 drops) and 
dioxane (2.5 ml) were added and the resulting mixture was heated at 
reflux for 24 h. The reaction mixture was then taken up in toluene (50 ml) and washed with water. 
Drying of the organic layer (MgSO4) and subsequent removal of all volatiles, gave a brown oil which 
was purified by column chromatography (SiO2, heptane:ethyl acetate=5:1, Rf=0.34) giving 5.7 as a 
colorless oil, which solidified upon standing (4.16 g, 18 mmol, 91%); m.p. 28.5-29.5°C; 1H (300 
MHz, CDCl3) δ 1.48-1.51 (d, J= 7.0 Hz, 3H), 2.37-2.64 (m, 2H), 3.49-3.55 (m, 1H), 7.49-7.55 (m, 
3H), 7.79-7.85 (m, 3H), 7.96 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 18.7 (q), 24.0 (t), 38.1 (d), 116.1 
(s), 125.4 (d), 125.5 (d), 126.3 (d), 126.4 (d), 127.6 (d), 128.6 (s), 128.7 (d), 131.1 (d), 131.3 (s), 
132.2 (s); m/z (EI, %) = 227 (M+, 100), 187 (83), 160 (40), 115 (50); HRMS (EI): calcd. for 
C14H13NS: 227.0769, found 227.0777. 
 
2,3-Dihydro-3-methyl-1H-naphtho[2,1-b]thiopyran-1-one (5.8) 
To mechanically stirred PPA at 60 oC was added nitrile 5.7 (5.76 g, 25 mmol). The temperature was 
raised to 110 oC and stirring was continued for 3 h. The mixture was poured onto 
ice and left to stand overnight. The slightly yellow precipitate formed was 
isolated by filtration, after which it was purified by column chromatography 
(SiO2, pentane:ethyl acetate=10:1, Rf=0.31). The desired ketone 5.8 was 
obtained pure as a slightly yellow solid (4.89 g, 21 mmol, 86%); m.p. 55-56°C; 
1H (300 MHz, CDCl3) δ 1.47-1.50 (d, J= 6.8 Hz, 3H), 2.85-2.98 (dd, J= 15.4, 
11.5, 1H), 3.10-3.19 (dd, J= 15.4, 3.4 Hz, 1H), 3.66-3.77 (m, 1H), 7.24-7.28 (d, J= 8.8 Hz, 1H), 7.40-
7.48 (m, 1H), 7.56-7.64 (m, 1H), 7.72-7.81 (m, 2H), 9.17-9.22 (d, J= 8.8 Hz, 1H); 13C (75 MHz, 
CDCl3) δ 20.8 (q), 36.6 (d), 49.8 (t), 124.2 (s), 125.7 (d), 126.1 (d), 126.4 (d), 129.0 (d), 129.7 (d), 
132.1 (s), 132.8 (s), 134.2 (d), 145.3 (s), 197.2 (s); m/z (EI, %) = 228 (M+, 56), 186 (100), 158 (28); 
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2,3-Dihydro-3-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone (5.9) 
Ketone 5.8 (4.9 g, 21 mmol) was dissolved in a mixture of ethanol (20 ml) and 
hydrazine monohydrate (5.2 g, 0.10 mol, 5 eq) and subsequently refluxed for 2 
h. The solution was then cooled to –18 oC from which the desired hydrazone 
5.9 could be collected as slightly yellow crystals (3.8 g, 18 mmol, 74%); m.p. 
120.5-121.5°C; 1H (300 MHz, CDCl3) δ 1.48-1.50 (d, J= 7.0 Hz, 3H), 2.66-
2.75 (dd, J= 16.5, 11.4 Hz, 1H), 3.05-3.12 (dd, J= 16.5, 4.0 Hz, 1H), 3.30-3.37 
(m, 1H), 5.52 (br s, 2H,) 7.29-7.32 (d, J= 8.4 Hz, 1H), 7.37-7.42 (m, 1H), 7.45-7.51 (m, 1H), 7.60-
7.63 (d, J= 8.4 Hz, 1H), 7.73-7.75 (d, J= 7.7 Hz, 1H), 8.68-8.71 (d, J= 8.4 Hz, 1H); 13C (50 MHz, 
CDCl3) δ 19.9 (q), 37.0 (d), 38.2 (t), 124.9 (d), 126.3 (d), 126.4 (d), 126.5 (d), 127.8 (d), 127.9 (d), 
129.3 (s), 131.2 (s), 132.9 (s), 134.7 (s), 145.9 (s); m/z (EI, %) = 242 (M+, 100); HRMS (EI): calcd. 
for C14H14N2S: 242.0878, found 242.0870. 
 
Dispiro[2,3-dihydro-3-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-thiirane-3’,9’’-(9’’H-
thioxanthene)] (5.12)  
Following the procedure used for the synthesis of episulfides 5.13, episulfides 
5.12 were obtained from hydrazone 5.9 (300 mg 1.24 mmol) and thioketone 
5.10. After evaporation of the solvent, the product was purified by 
crystallization from ethanol, giving the episulfides as slightly green needles 
(273 mg, 0.62 mmol, 51%). Since no separation of both episulfides could be 
accomplished, the mixture of isomers was subjected to the next step; m/z (EI, 
%) = 440 (M+, 65), 408 (100), 197 (92); HRMS (EI): calcd. for C27H20S3: 440.0727, found 440.0717. 
 
Dispiro[2,3-dihydro-3-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-thiirane-3’,9’’-(2’’-methoxy-
9’’H-thioxanthene)] (5.13)  
Under a nitrogen atmosphere, a solution of hydrazone 5.9 (300 mg 1.24 
mmol) in dry dichloromethane (10 ml) was cooled to –10 oC, 
whereupon MgSO4 (500 mg), Ag2O (430 mg, 1.81 mmol) and a few 
drops of a sat. sol. of KOH in methanol were added successively. After 
stirring for 30 min the solution turned bright red. The solution was then 
filtered and a solution of the thioketone 5.11 in dichloromethane was 
added until the red colour had disappeared. After removal of the organic 
volatiles, the product was purified by recrystallization from ethanol, 
giving the episulfides 5.13 as slightly yellow needles (310 mg, 0.66 mmol, 53%). Since no separation 
of the four isomeric episulfides could be accomplished, the mixture was subjected to the next step; 
m/z (EI, %) = 470 (M+, 61), 438 (100), 227 (56); HRMS(EI): calcd. for C28H22 OS3: 470.0833, found: 
470.0815. 
 
4-(6-Methyl-naphthalen-2-yl)-2-phenylsulfanyl-butyric acid methyl ester (5.15) 
To a freshly prepared solution of LDA (30 mmol) in dry THF 
(100 ml) was added at -60°C a solution of ester 5.14 (see chapter 
2 for experimental details, 6.2 g, 25.6 mmol) in THF (20 ml). The 
reaction mixture was stirred for 1 h at -60°C and then 
diphenydisulfide (7.25 g, 30 mmol) was added. During stirring 
overnight the reaction mixture was allowed to reach room temperature. Quenching the excess base 
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the combined organic layers with brine (2x 100 ml), gave after drying (MgSO4) and evaporation of all 
volatiles an oil. The desired 5.15 was isolated after column chromatography (SiO2, heptane:ethyl 
acetate=16:1, Rf=0.48) as a colorless oil (6.9 g, 19.7 mmol, 77%); 1H (300 MHz, CDCl3) δ 2.05-2.36 
(m, 2H), 2.50 (s, 3H), 2.89-2.92 (t, J= 7.5 Hz, 2H), 3.63-3.70 (m, 1H), 3.66 (s, 3H), 7.24-7.70 (m, 
9H), 7.64-7.70 (m, 2H); 13C (75 MHz, CDCl3) δ 21.5 (q), 32.9 (t), 33.1 (t), 49.7 (d), 52.0 (q), 126.4 
(d), 126.5 (d), 127.0 (d), 127.2 (d), 127.3 (d), 127.9 (d), 128.2 (d), 128.9 (d), 131.7 (s), 132.2 (s), 
132.8 (d), 133.0 (s), 134.8 (s), 136.8 (s), 172.4 (s); m/z (EI, %) = 350 (M+, 100), 240 (48), 181 (63) 
155 (72); HRMS (EI): calcd. for C22H22O2S: 350.1340, found 350.1327. 
 
2-Benzenesulfinyl-4-(6-methyl-naphthalen-2-yl)-butyric acid methyl ester (5.16) 
To a solution of ester 5.15 (0.90 g, 2.6 mmol) in CH2Cl2 (50 ml) 
was added slowly at 0°C m-CPBA (0.55 g, 3.1 mmol). After the 
addition was completed, the reaction mixture was extracted with 
1N aq. sol. of NaOH (3x 100 ml). The organic layer was dried 
(MgSO4) and the oil obtained after removal of the volatiles was 
purified by flash column chromatography (SiO2, heptane:ethyl 
acetate=2:1, Rf=0.3). The product was obtained as a mixture of two diastereomers as a colorless oil 
which solidified upon standing (0.58 g, 1.58 mmol, 61%). No further attemps were made to separate 
both diastereomers; 1H (300 MHz, CDCl3) δ 2.22-2.29 (m, 2H), 2.41-2.50 (m, 2H), 2.50 (s, 2x3H), 
2.73-2.97 (m, 4H), 3.47-3.52 (m, 1H), 3.49 (s, 3H), 3.56 (s, 3H), 3.61-3.66 (dd, J= 9.3, 5.3 Hz, 1H), 
7.17-7.23 (m, 2H), 7.27-7.31 (m, 2H), 7.44-7.68 (m, 18H); 13C (75 MHz, CDCl3) δ 21.5 (2xq), 25.9 
(t), 27.3 (t), 32.9 (t), 33.0 (t), 52.1 (q), 52.2 (q), 67.9 (d), 70.8 (d), 124.45 (d), 124.55 (d), 126.36 (d), 
126.41 (d), 126.75 (d), 127.10 (d), 127.34 (d), 127.43 (d), 128.12 (d), 128.19 (d), 128.83 (d), 128.93 
(d), 131.51 (d), 131.62 (d), 132.20 (s), 134.82 (s), 134.87 (s), 135.97 (s), 136.10 (s), 140.62 (s), 
141.67 (s), 167.07 (s), 168.02 (s); due to overlap, 4 (d) and 3 (s) were not observed; m/z (EI, %) = 366 
(M+, 6), 240 (100), 209 (41), 181 (97), 155 (70); HRMS (EI): calcd. for C22H22O3S: 366.1290, found 
366.1317. 
 
4-(6-Methyl-naphthalen-2-yl)-but-2-enoic acid methyl ester (5.17) 
A solution of sulfoxide 5.16 (2.0 g, 5.5 mmol) in toluene (75 ml) 
was refluxed for 3h. The toluene was then removed under reduced 
pressure and the residue purified using column chromatography 
(SiO2, hexane:ethyl acetate=16:1, Rf=0.3) giving 5.17 as a colorless 
solid (1.08 g, 4.5 mmol, 82%); m.p. 50-53°C; 1H (300 MHz, CDCl3) δ 2.5 (s, 3H), 3.65-3.67 (d, J= 
6.6 Hz, 2H), 3.72 (s, 3H), 5.83-5.89 (td, J= 15.3, 1.5 Hz, 1H), 7.15-7.33 (m, 3H), 7.57-7.59 (m, 2H), 
7.67-7.72 (m, 2H); 13C (75 MHz, CDCl3) δ 21.6 (q), 38.4 (t), 51.4 (q), 122.0 (d), 126.6 (d), 126.8 (d), 
127.1 (d), 127.2 (d), 127.6 (d), 128.4 (d), 131.7 (s), 132.4 (s), 134.0 (s), 135.2 (s), 147.5 (s), 166.8 (s); 
m/z (EI, %) = 240 (M+, 100), 181 (70), 165 (40); HRMS (EI): calcd. for C16H16O2: 240.1150, found 
240.1155; Ele. anal., calc. (%): C, 80.00; H, 6.71; found (%): C, 79.88; H, 6.88. 
 
3-Methyl-4-(6-methyl-naphthalen-2-yl)-butyric acid methyl ester (5.18) 
At –30°C was added to a suspension of previously purified 
copper(I) bromide-dimethyl sulfide complex7 (1.80 g, 8.7 mmol) in 
ether (15 ml) a solution of methyl lithium (10.9 ml of a 1.6 M 
solution in ether, 17.5 mmol). After stirring for 15 min, the 
solution was cooled to -80°C. Immediately after addition of boron trifluoride diethyl etherate (0.37 
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added dropwise. After 15 min of completion of the addition, an additional amount of boron trifluoride 
diethyl etherate (0.18 ml, 1.5 mmol) was added. The reaction mixture was then stirred at –80°C for 1 
h and subsequently at –50°C for 1 h. During warming of the reaction mixture to –50°C, a yellow solid 
precipitated (methyl copper). The reaction mixture was then allowed to warm up to room temperature 
and quenched with an aq. sol. of NH3 and NH4Cl (100 ml). Addition of ether (50 ml) and subsequent 
extraction of the water layer with ether (2x 50 ml) yielded a slightly yellow oil which was purified 
using column chromatography (SiO2, pentane: ethyl acetate = 16: 1, Rf=0.75) giving 5.18 as a 
colorless oil (0.52 g, 2.0 mmol, 70%). A part of the starting material could be recovered (0.09 g, 0.4 
mmol, 13%); 1H (300 MHz, CDCl3) δ 0.96-0.98 (d, J= 6.2 Hz, 3H), 2.13-2.22 (dd, J= 16.5, 9.9 Hz, 
1H), 2.34-2.39 (m, 2H), 2.50 (s, 3H), 2.56-2.80 (m, 2H), 3.64 (s, 3H), 7.76-7.30 (m, 2H), 7.54-7.57 
(d, J= 9.2 Hz, 2H), 7.67-7.69 (d, J= 8.4 Hz, 2H); 13C (75 MHz, CDCl3) δ 19.5 (q), 21.5 (q), 32.1 (d), 
40.7 (t), 42.9 (t), 51.1 (q), 126.4 (d), 127.0 (2xd), 127.1 (d), 127.6 (d), 128.0 (d), 131.6 (s), 132.2 (s), 
134.6 (s), 136.7 (s), 173.3 (s); m/z (EI, %) = 256 (M+, 44), 182 (65), 155 (100); HRMS (EI): calcd. for 
C17H20O2: 256.1463, found 256.1469. 
 
3-Methyl-4-(6-methyl-naphthalen-2-yl)-butyric acid (5.19) 
A mixture of ester 5.18 (0.26 g, 1.0 mmol) and KOH (0.5 g, 9 mmol) 
in water (10 ml) and ethanol (10 ml) was refluxed overnight. 
Acidification with an aq. sol. of HCl to pH 1 and extraction with 
ether gave after drying (Na2SO4) and subsequent removal of the 
solvent 5.19 as a yellow oil (0.20 g, 0.83 mmol, 83%); 1H (300 MHz, CDCl3) δ 1.00-1.03 (d, J= 6.6 
Hz, 3H), 2.17-2.26 (m, 1H), 2.33-2.45 (m, 2H), 2.50 (s, 3H), 2.63-2.70 (m, 1H), 2.77-2.83 (m, 1H), 
7.26 (m, 2H), 7.56-7.58 (d, J= 7.2 Hz, 2H), 7.68-7.71 (d, J= 8.4 Hz, 2H); 13C (75 MHz, CDCl3) δ 19.5 
(q), 21.5 (q), 32.0 (d), 40.8 (t), 42.9 (t), 126.5 (d), 127.16 (2xd), 127.22 (d), 127.7 (d), 128.1 (d), 
131.6 (s), 132.3 (s), 134.7 (s), 136.6 (s), 179.3 (s); m/z (EI, %) = 242 (M+, 40), 182 (22), 155 (100); 
HRMS (EI): calcd. for C16H18O2: 242.1307, found 242.1312. 
 
2,3-Dihydro-2,7-dimethyl-4(1H)-phenanthren-4-one (5.20) 
A solution of acid 5.19 (0.20 g, 0.83 mmol) and PCl5 (0.27 g, 1.3 mmol) in 
toluene (15 ml) was stirred 1h. The solution was then cooled to 0°C and 
SnCl4 (0.18 ml, 0.40 g, 1.5 mmol) was added. After stirring for 90 min at 
0°C, acid (1N aq. sol. of HCl, 50 ml) was added and the reaction mixture was 
extracted with ether (2x 50 ml). Drying over Na2SO4 and removal of the 
residual solvents yielded a green/brown material which was purified using flash column 
chromatography (SiO2, pentane:ethyl acetate=16:1, Rf=0.8) giving the ketone 5.20 as a white, solid 
material (160 mg, 7.1 mmol, 86%); m.p. 136.1-136.4°C; 1H NMR (300 MHz, CDCl3) δ 1.16-1.18 (d, 
J= 7.2 Hz, 3H), 2.36-2.46 (m, 2H), 2.49 (s, 3H), 2.76-2.88 (m, 2H), 3.06-3.13 (dd, J= 16.5, 3.7 Hz, 
1H), 7.25-7.28 (d, J= 8.4 Hz, 1H), 7.44-7.48 (dd, J= 8.8, 1.8 Hz, 1H), 7.57 (s, 1H), 7.82-7.85 (d, J= 
8.4 Hz, 1H), 9.31-9.34 (d, J= 8.8 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 21.0 (q), 21.1 (q), 30.1 (d), 
39.6 (t), 49.0 (t), 126.2 (d), 126.4 (s), 126.8 (d), 127.1 (d), 129.2 (s), 130.8 (d), 132.9 (s), 133.5 (d), 
135.1 (s), 145.0 (s), 200.4 (s); m/z (EI, %) = 224 (M+, 100), 182 (67), 154 (64); HRMS (EI): calcd. for 
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2,3-Dihydro-2,7-dimethyl-4(1H)-phenanthren-4-one hydrazone (5.21) 
A solution of ketone 5.20 (0.15 g, 0.67 mmol) in ethanol (10 ml) and 
hydrazine hydrate (1.0 ml) was refluxed overnight. After addition of water (50 
ml) to the reaction mixture and extraction with ethyl  acetate (3x 25 ml), the 
combined organic layers were washed with water (2x 50 ml) and dried 
(MgSO4). After removal of the ethyl acetate, the hydrazone 5.21 was obtained 
as an orange solid (0.15 g, 0.63 mmol, 94%); 1H (300 MHz, CDCl3) δ 1.16-
1.18 (d, J= 6.6 Hz, 3H), 2.01-2.18 (m, 2H), 2.48 (s, 3H), 2.50-2.57 (m, 2H), 7.17-7.20 (d, J= 8.4 Hz, 
1H), 7.32-7.35 (d, J= 8.8 Hz, 1H), 7.58-7.61 (d, J= 8.4 Hz, 1H), 8.99-9.02 (d, J= 8.8 Hz, 1H); 13C (75 
MHz, CDCl3) δ 21.7 (2xq), 28.3 (d), 33.9 (t), 39.3 (t), 126.6 (d), 127.0 (2xd), 127.6 (d), 128.50 (s), 
128.53 (s), 128.6 (d), 133.7 (d), 134.1 (d), 137.1 (d), 148.6 (d); m/z (EI, %) = 238 (M+, 100); HRMS 




To hydrazone 5.21 (60 mg, 0.25 mmol) in CH2Cl2 at –10 oC MgSO4 (100 
mg, 0.42 mmol), Ag2O (87 mg, 0.62 mmol) and a few drops of a sat. sol. of 
KOH in methanol were added. The mixture was stirred for 30 min after 
which the solution turned bright red. The solution was filtered, after which 
thioketone 5.10 was added until the red color had disappeared. After 
evaporation of the solvents and filtration over a short silica column (SiO2, 
heptane:ethyl acetate=10:1), the product was purified by crystallization 
from ethanol, yielding the episulfides 5.22 as white crystals (35 mg, 0.12 mmol, 46%). The 
compound was obtained as a mixture of stereoisomers and no further attemps were made to obtain 
these isomers in their pure forms; m/z (EI, %) = 436 (M+, 76), 404 (100); HRMS(EI): calcd. for 
C29H24S2: 436.1319, found: 436.1319. 
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the Boltzmann distribution at room temperature gives a ratio of nearly 1:1 at room temperature. 
These calculations were performed using MOPAC93, J.J.P. Stewart, MOPAC93-AM1, Fujitsu 
Ltd., Tokyo, Japan, 1993.  
9) These calculations were performed in an identical way as for 5.5. J.J.P. Stewart, MOPAC93-AM1, 
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